Introduction
Impedance tubes are used widely to determine the ability of materials to absorb sound. The standard procedure for the determination of the absorption coefficient of materials is detailed in the ISO 10534-2 [1] . Porous media are a mostly well understood class of acoustic materials and the relations between 5 the porous microstructure and its acoustical properties are generally well known [2] . However, the acoustical properties of living plants are poorly understood.
This information is desirable as there has been strong evidence that some living plants (foliage) are able to absorb a considerable proportion of the energy in the incident sound wave, which makes them attractive for use in noise control 10 elements [3] .
The fact that living plants have useful acoustical properties has been known for a while. The original work by Aylor [4] based on field experiments suggested that the ability of crops to attenuate sound waves relates to its leaf area density.
Wong et al [5] conducted the experiments with different vertical greenery sys-15 tems, both in field conditions and a reverberation room. They concluded that vertical greenery positively affects the absorption of sound, but more experiments needed to be done on actual building facades for a better understanding of green acoustic insulations. A more recent laboratory work [6] showed that the acoustical properties of low growing plants can be predicted by an equiv-20 alent fluid model which is typically used to describe the acoustic behaviour of porous media at low frequencies. In this model the effective flow resistivity was related directly to the leaf area density whereas the tortuosity was related to the dominant angle of leaf orientation [6] .
The evidence assembled so far suggests that three main mechanisms are 25 responsible for the absorption of sound by living plants. In the lower frequency range (e.g. below 100-200 Hz) the thermal dissipation mechanisms are important [2] . In the low and medium frequency (e.g. below 1-2 kHz) where the acoustic wavelength is still much larger that the characteristic leaf dimension (e.g. 15-2 250 mm for typical plants [7] ) the viscous dissipation is the prime absorption 30 mechanism [6, 4] . In the higher frequency range (e.g. above 1-2 kHz) where the acoustic wavelength becomes comparable or smaller than the characteristic leaf dimension, the leaf vibration and multiple scattering begin to contribute to the dissipation of the energy in the incident sound wave [7, 4] . There are several reasons by which it is difficult to generalise the results
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of previous studies to a wider range of low growing plants. A main obstacle to the development of a unified model for sound propagation through foliage is the lack of reliable experimental data on the acoustic reflection/absorption coefficient spectra for a representatively range of acoustic frequencies and angles of incidence. In the field and reverberation chamber experiments which have 40 been reported so far it was difficult if not impossible to deconvolve the acoustic ground effect from the effect of the plant biomass. The reverberation chamber experiments on plants reported so far presented data on the random incident absorption coefficient. Testing large samples of living plants in a laboratory in accordance with the standard ISO 354 method [8] is expensive. It is difficult 45 or impossible to develop from ISO 354 data a general theoretical model for plant absorption which takes into account some morphological characteristics of plants, acoustic frequency and angle of sound wave incidence. Finally, published laboratory work on plants (e.g. by Horoshenkov et al [6] ) obtained through a controlled experiment in a standard impedance tube presents data for the 50 normal incidence plane wave absorption coefficient determined for a relative small sample area and in a rather limited frequency range.
In this sense, an impedance tube experiment is very attractive. It offers the opportunity to measure the acoustical properties of a plant with great degree of control. However, plants occupy a volume which is greater than that permitted 55 by the cross-section of a standard impedance tube. Therefore, it is of direct interest to be able to measure the acoustical properties of a plant specimen with representative dimensions. This paper attempts to address this issue through the application of an alternative impedance tube method [9] to measure the acoustic absorption of a representatively large specimen of a living plant in a relatively large impedance tube. In this way, the acoustical reflection and absorption coefficient of this plant can be measured in the frequency range well beyond the first cross-sectional resonance and a range of angles of incidence, as these depend on frequency for higher order modes. An equivalent fluid model is then used together with the independently measured plant morphological data 65 to explain the observed absorption behaviour.
Experimental methodology
The reported experiments were carried out using the large impedance tube facilities available at the Laboratoire d'Acoustique de l'Université du Maine (LAUM). A sketch of an experimental setup is presented in Figure 1 . It consisted 70 of a square tube which is 4.15 m long and of 300 x 300 mm cross-section at the end of which a plant specimen was installed. The walls of the tube were constructed from 38 mm thick fibreboard panels which were varnished to ensure that they are reflective. One end of the tube was terminated with a 30 mm thick metal lid and at the opposite end three loudspeakers were installed and extended this range to 1800 Hz by using a step-by-step 50-1800 Hz sine sweep and the method detailed in [9] . We recalled this method in Appendix A for the sake of completeness. In accordance with this method the modal reflection 95 coefficients were determined by solving the optimisation problem (eq. (A.4) ).
The absorption coefficients were then calculated either using the energy ratio (eq. (A.7)) or discrete sound intensity data (eq. A.8)) which were determined with the array of equidistantly spaced microphones. The two methods we used to calculate the absorption coefficient are essentially the same. The only difference 100 is that the former method is continuous, whereas the latter is discrete so that the intensity fit better because of a more accurate determination of the cut-off frequency. 
Plant analysis
For the experiments described in this paper, three plant species were used: garden geranium (Pelargonium hortorum), begonia (Begonia benariensis) and ivy (Hedera helix ). These plants were purchased from a local garden center in Le Mans (France). Table 1 . Twenty-five leaves from the geranium plants and twenty leaves from the ficus plants were randomly chosen for the determination of plant characteristics. The weight of leaves was measured using electronic scales the precision of which was ±0.005
g. The thickness was estimated with the electronic caliper which is capable of measuring distance to ±0.01 mm. For the leaf area estimation, a picture of a leaf framed by rulers was taken as shown in Figure 3a . Then the picture was imported to Adobe Photoshop software and the amount of pixels in the leaf was determined. Subsequently the leaf area was calculated using the following formula:
where p f is the number of pixels in a single leaf, p s is the number of pixels in 105 a reference square and s s is the area of a reference square. The leaf orientation angles were also estimated using digital images of plants and the screen protractor tool. The above described characteristics were used to derive the following quantities: equivalent volume occupied by the plant (V p ), leaf area per unit volume (A v ), total area of leaves on a plant (s p ), total weight of leaves/stems 110 (w p ), and volume of plant foliage (V f ). These values are presented in Table 1 .
Equivalent fluid model
In this section we present an equivalent fluid model which we will subsequently use to predict the acoustical characteristic impedance and wavenumber for sound propagation in the foliage. These properties are needed to calculate Plant that the reflection coefficient of the plant is angular-dependent is because the effective flow resistivity of the foliage is very low and its porosity is close to 1 (e.g. [6] ). In this case it is common to use the extended reaction model in 120 which we consider that the refraction angle at which the sound wave propagates in the foliage depends on the incident angle. The incidence angle in a normal mode depends on the frequency. Therefore it is of importance to model this phenomenon properly. The incidence angle will be shown in those figures which present the modal reflection coefficients we measured in our experiments and 125 calculated with our model.
It was suggested in [6] that the acoustical properties of a low growing plant in a low frequency regime at normal incidence can be represented by an equivalent fluid model, e.g. the empirical model developed by Miki[10] . This model relies on the porosity, φ, tortuosity, α ∞ , and flow resistivity, σ, which are then 130 8 substituted into the following expressions for the characteristic impedance and complex wavenumber in the equivalent volume of fluid occupied by the plant [10] :
where f is the frequency of sound. The characteristic impedance and complex wavenumber are then used to calculate reflection and absorption coefficients of living plants.
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The non-acoustical parameters in expressions (3) and (2) were estimated in the following manner. The porosity was estimated from the total volume of the plant foliage, V f , and volume occupied by the plant, V p , i.e.:
The flow resistivity of the equivalent fluid occupied by the plant was estimated using the empirical relations suggested in ref. [6] :
where A v is the leaf area density of the plant and θ is the dominant angle of leaf orientation. The tortuosity was estimated from the knowledge of the dominant angle of leaf orientation [6] :
The estimated values of these parameters for the three type of plants adopted for this work are listed in Table 3 .
In order to calculate the absorption and reflection coefficients (modal and total) it is necessary to know the values of the characteristic impedance, z b , and Table 3 : Estimated non-acoustical parameters for the three plant specimen in the 300 mm tube: porosity, φ; tortuosity, α∞; flow resistivity, σ.
wavenumber, k b for sound propagation in the foliage. For this purpose we make use of the Miki model (eqs. (2) and (3)). In this case, the normalised acoustic surface impedance and the modal reflection coefficient can then be expressed as:
respectively. Here θ mn i is the modal angle of incidence, θ mn t is the modal angle of refraction and d is the equivalent height of a plant.
The absorption coefficient for the plane wave regime, α 00 , was then calculated in the following standard manner:
This acoustical quantity does not account for the energy dissipated by the higher order modes. The modal absorption coefficient defines the amount of energy which is absorbed by one particular mode only and is defined as follows:
where R mn is the modal reflection coefficient, given by expression (9).
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The angles at which the higher modes impinged on the porous material surface were calculated separately for each mode by making use of the following formula:
where m, n are the indices of the modes propagating in the tube.
Results and discussion
This section presents the modal reflection and total absorption coefficients measured with the proposed method. Figures 4 and 5 show the frequencywavenumber plots for the geranium plant, with the microphone placed in the 145 corner and in the middle of the tube cross-section, respectively. The separation of the first few higher order modes is evident from these plots, which makes them suitable for the subsequent recovery of reflection and absorption information.
The frequency-wavenumber plots for the remaining plant specimens show a very similar trend. shows the reflection coefficients of the axi-symmetric modes, (00), (02) and (22).
One of the reasons to perform the measurements at two cross-sectional locations was to extend the frequency range where the fundamental mode reflection coefficient can be recovered. Only symmetric modes can be recorded in the middle of the cross-section, and the cut-off frequency of the first axisymmetric mode,
165
(02), is 1143 Hz. This provides a possibility to increase the frequency range by a factor of two, compared to the cut-off frequency of 572 Hz for mode (01).
Although the scattering is still rather strong beyond 572 Hz, the quality of the recovered fundamental mode reflection coefficient in the higher frequency range is better than that recovered with the microphone in the corner of the cross-170 section. Another important observation is the fact that the model overpredicts the reflection coefficient of mode (00) above the first cross-sectional resonance.
This is likely to be attributed to the scattering processes in the greenery, which the model does not account for. For the remaining plants, the reflection coefficient for mode (00) measured in the middle of the tube will be combined with 175 reflection coefficients for modes (01), (11) and (02) The mean differences between the measurements and predictions were quantified in accordance with the following equation:
Here, the error is not normalised as the reflection coefficient only takes values between -1 and 1. The results are presented in Table 4 . Generally, the differences are low and they do not exceed the maximum of 10%. This allows for an 180 important conclusion that the proposed plant characterisation method generally works well and it is possible to use it to measure the acoustic behaviour of plants.
However, the match for higher modes is worse than that for the fundamental mode, and the model mainly overpredicts the absolute reflection coefficient of the plant above the first cross-sectional resonance frequency (572 Hz). This is differences between the measurements and predictions for these four data sets are shown in Table 5 . It is worth noting, that for the incident and reflected amplitude ratio method, the data for each mode were not available throughout the whole frequency range. For example, as it can be seen on the frequencywavenumber plot for geranium, obtained in the corner of the tube (Figure 4 ),
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the dispersion curve for mode (00) disappears after the first cut-off frequency of 572 Hz. This means that the information on the fundamental mode incident and reflected amplitudes was available only in the frequency range between 50 and 572 Hz, instead of 50 to 1800 Hz. Similarly, other modes were also considered in the frequency ranges, where they had a sufficient signal-to-noise ratio. Due 215 to this limitation, two ways of calculating the total absorption coefficient predictions were employed: full theoretical reflection coefficient (full R theo ), where each mode exists starting from its cut-off frequency and until the maximum adopted frequency of 1800 Hz, and partial theoretical reflection coefficient (partial R theo ), where a frequency range for each mode was matched to that of the 220 measured data. Both of these sets of the theoretical predictions are given in Table 5 . However, the partial theoretical reflection coefficient does not reflect the real picture of the sound field in the tube, whereas the full theoretical reflection coefficient cannot be directly compared to the measured data as the latter does not have all the information contained in the theoretical predictions. Due Int method, middle 0.314 Table 5 : A summary of the mean differences between the measured and predicted total absorption coefficient for the geranium plant in the 300 mm square tube. Amp method: incident and reflected amplitudes ratio method; Int method: intensity ratio method. presence of a strong scattering in the tube. As in the case of the reflection 235 coefficients, this discrepancy is caused by the fact that the theoretical model does not take into account the scattering and leaf vibration phenomena, which become stronger as the frequency increases. Also, it can be due to the methodthe plants are likely to cause too much scattering which results in the evanescent modes and energy exchange between modes, introducing an error to the phase.
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Another source of discrepancy at low frequency, is the evidence of anisotropy of plants. The mean leaf orientation was a first step to account for this effect. Obviously the stem direction is one principal direction of anisotropy, associated with the density which is recovered at normal incidence. The determination of the other principal directions is difficult and depends on the mean leaf orientation,
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assembly of plants and requires additional experiments and further modelling.
This affects the quality of the dispersion curves which are subsequently used in the optimisation analysis.
Plant ǫ α total
Begonia 0.240 Ivy 0.081 Table 6 : A summary of the mean differences between the measured and predicted total absorption coefficient for the two plant specimens in the 300 mm square tube.
Conclusions
The application of a new method [9] to measure the reflection and absorption 250 coefficients of a larger specimen of a living plant in an impedance tube which lateral dimensions are larger than the acoustic wavelength was studied in this paper. The new method is based on measuring the sound pressure spectra with a horizontal microphone array and then applying the spatial Fourier transform to these data to separate the waves incident on plants specimen and the waves of a rectangular impedance tube can be extended at least by a factor of 3. This allows to measure the acoustical properties of much larger material specimens well beyond the high frequency limit that is currently set in the commonly used ISO 10534-2 standard [1] . The new method also enables us to determine in the 260 laboratory the acoustical properties of a living plant at a range of angles of incidence.
The geranium, begonia and ivy plants have been used to test the proposed method and obtain the complex reflection coefficients and the absorption coefficients. The acoustical properties of plants were characterised using the Miki 265 model [10] . The mean differences between the measured and predicted modal reflection coefficients were less than 10%, and less than 25% for the total absorption coefficients. The agreement between the measured and predicted data becomes worse beyond the first cut-off frequency and a few improvements to the new method can be proposed. Firstly, the residual absorption of the impedance 270 tube needs reducing. This can be achieved by using denser, harder and more reflecting walls of the tube. It is particularly difficult to account for this type of absorption in the case of the higher order modes. Secondly, the experimental procedure can be improved by taking measurements over a longer distance along the tube, in smaller steps and higher spacial accuracy. Thirdly, the theoreti-275 cal model needs improving to account for more complex absorption behaviour of a living plant in the higher frequency range. In this respect, the adopted equivalent fluid model does not take into account the leaf scattering, vibration phenomena which become more pronounced in living plants as the frequency increases, and anisotropy. These phenomena cannot be neglected in order to 280 achieve a better match between the measured and predicted data. In particular the development of a anisotropic model, allowing to account for the principal direction of propagation is a future step, which first requires the determination of the elements of the density matrix.
In what follows we briefly recall the measurement and analyse procedure presented in [9] . 
